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3 Instituto de Microelectrónica de Madrid (IMM), Consejo Superior de Investigaciones Científicas (CSIC) Isaac Newton 8 (PTM), E-28760 Tres Cantos, Madrid, Spain  The understanding of how the arrangement of defects in photonic crystals impacts its photonic properties is cru-cial for the design of functional materials based thereon. By preparing photonic crystals with random missing scatterers we create crystals where disorder is embodied as vacancies in an otherwise perfect lattice rather than the usual positional or size disorder. We show that the amount of defects not only determines the intensity but also the nature of the light scattering. As the amount of defects varies, light scattering undergoes a transition whereby the usual signatures of photonic gaps (Bragg peak) suffer line-shape changes (Bragg dip) that can be readily described with the Fano resonance q parameter. When the amount of vacancies reaches the percolation threshold, q undergoes a sign change signaling the transition from a crystal to a mosaic of microcrystals through a state where scattering is maximum. Beyond that point the system reenters a state of low scattering that appears in the guise of normal Bragg diffraction.  The control of light and its interaction with matter has a huge impact on technology and has taken mate-rials design well beyond subwavelength range. Two of the most paradigmatic examples of structured material platforms to study light-matter interaction are pho-tonic crystals1,2 (PhC) and photonic glasses3 (PhG). The difference between them lies in the nature of the ar-rangement of scattering elements which is in the origin of the different forms in which scattering is incarnated: PhCs building up photonic bands (which requires translational symmetry and entails order) and PhGs through diffusion (which is the general case when dis-order4 is present). There is a subtractive way to obtain a PhG from a crystal: creating random vacancies in a PhC by randomly removing scattering elements.5 De-pending on the quantity of vacancies, the final struc-ture may appear bereft of any type of periodicity. It is natural to expect that the optical properties of a PhC deteriorate by the inclusion of disorder and suffer some transformation from showing features associated with photonic bands to showing those from diffusion.6 However, if the process is carried out by removing scattering elements without altering the underlying lattice, it comes as no surprise that for large concentra-tions of vacancies the remaining elements become a mi-nority in an otherwise homogeneous medium. The lat-ter process would lead the system away from diffusive again. During this transition, there is necessarily a critical concentration for which one cluster of vacancies con-nects opposite edges of the structure while, at the same time, these edges are also connected by the remaining scatterers network. This is the definition of percolation which can be found in many networks or particulate 
systems and has most impact regarding conduction phenomena,7,8 although several examples can also be found in other fields such as: medicine,9 economics,10 sociology11 or geography12 to name a few. In this work, the site percolation for an fcc lattice PhCs13 (artificial opal) is studied in relation with optical scattering. Great effort14,15,16 has been devoted to accurately calcu-late the site percolation threshold for an fcc lattice and many methods cast values that, on average, are around: ρc = 20%. While the onset of percolation has very intuitive meaning in terms of electrical conductiv-ity and related phenomena such as the optical response of metallic layers that is enormously enhanced by the fractal character of the sub monolayer coverage17,18 lit-tle has been studied in connection with the optical properties of dielectric-only composites.19 Fano resonance takes place in systems where an in-teraction couples a discrete state and a continuum of states. Ugo Fano was first to observe this resonance and their asymmetric profiles in the auto-ionization cross section of noble gases20 and later developed a quantum theory21 that has been found pervasive across many disciplines in physical sciences. From that day on, Fano resonance has been studied in the multitude of physi-cal systems.22 In general light transport processes, when the input and output ports are coupled both directly (continuum of states) and through a resonant cavity (discrete state), the resulting response presents a Fano resonance. If the direct coupling is not perfect, i.e., partially reflecting even without the cavity mode, then one obtains an asymmetric spectrum with a sharp peak followed or preceded by a sharp dip.23 The asymmetry of the peak indicates the relative contribution of either channel and 
enters the cross section expression through the param-eter q. Fano resonance has been observed in slabs,24 spi-ral25 and disordered26 PhCs and in opals changing the dielectric constant was used to set the coupling be-tween the band gap (discrete) and the Mie (continuous) scattering background.27  In studying the optical response fcc photonic crys-tals as a function of the fraction of missing spheres (un-der the constraint that those remaining lie on lattice sites) we have found that specular reflectance presents a Fano-like line-shape whose principal parameter, q, can be tuned through the vacancy fraction and can be made to change sign at crossing the percolation thresh-old. Changing the fraction of vacancies changes the bal-ance between the two possible scattering channels (band gap and background). So, it is possible to choose the type of asymmetric spectrum and refer it to perco-lation. At the percolation threshold, as a result of the divergence of cluster size, ߦ(݌)~|݌ − ݌௖|ିఔ and cluster boundary (enhanced by fractal dimension), scattering is essentially determined by the surface and the reso-nant character of Bragg diffraction is all but lost. The effect of the band structure is inhibited giving rise to an enhancement of non-resonant scattering. To do so, binary mixtures of monodisperse Polyme-thyl Methacrylate (PMMA) and Polystyrene (PS) spheres (acting here as dopants) of 334 and 313 nm of diameter respectively were used to prepare different 3D PhCs with a controlled amount of vacancies by the standard vertical deposition method.28 Once the final structures were achieved (Figure 1a), selective etching of the PS dopants yielded opals with a precisely con-trolled amount of vacancies from 0% to 50%. In Figure 
1b we can appreciate that, after the etching, the PMMA spheres are not affected by the cyclohexane. An fcc structure containing a random distribution of the va-cancies can be seen. A fine control of the vacancies in the opal is achieved by tuning the PS concentration in the colloidal suspension. Figure 1c shows the calibra-tion of the vacancies content obtained by counting missing spheres from SEM images and relating them to colloids used to prepare them. The actual content is consistently 25% larger than the amount of PS in the colloidal preparations; this small deviation is at-tributed to the error in the nominal concentration of the colloids and has been taken into account to correct the vacancy fraction. Moreover, SEM inspection of internal facets obtained by cleaving the samples, reveals that the distribution of vacancies inside the structure is uni-form (Figure 1d). Fortunately, the percolation of vacancies is ex-pected at low enough filling fractions so as not to com-promise the mechanical stability of the crystal. Thus, we have been able to produce samples with filling frac-tions well beyond the site percolation threshold. At this point we must mention that the system is subjected to a mechanical restriction in that all particles in the final structure must remain connected. Otherwise, isolated (floating) particles or clusters could result when all the particles around them were etched. In this event they would be pulled into contact with other particles by gravity or electrostatic forces. Optical characterization was carried out by measur-ing both specular reflectance and transmittance in a standard Fourier Transform Infrared spectrometer at normal incidence (perpendicular to the opal (111) planes). For the sake of clarity, only reflectance will be discussed, keeping in mind that the same results are obtained for the absorbance.  Figure 2 shows a contour plot containing the reflec-tance spectra as a function of wavelength and vacancy fraction in the range 0-38% for 20 layers thick struc-tures, a safe choice of thickness to be able to consider the samples infinite. One of the most remarkable fea-tures of the disorder present in this kind of system is that, at variance disorder induced by polydispersity of the spheres, long range correlation is here preserved. One is tempted to think that even when the fraction of missing scatterers is high, scattering by microcrystals is coherent.29 In fact a rough estimate of Bragg wave-length based on average refractive index that can be ap-proximated as 〈݊ଶ〉 = 0.26 + 0.74ሾ݊௉ெெ஺ଶ − ߩ(݊௉ெெ஺ଶ −1)ሿ where ρ is the fraction of missing spheres predicts a decreasing behavior of the Bragg peak that is not ob-served in the experiments for concentration as high as 10% or more. Here, 3 very different regions can be clearly identified at first sight: region 1, from 0 to 19 % vacancies and below percolation threshold, region 2, from 20 to 25% vacancies, within percolation threshold, and region 3, above 25% vacancies and well beyond 
 
  Figure 1. SEM images for different types of vacancy-doped photonic crys-tals grown by vertical deposition. (a) PMMA and PS spheres of 334nm are used as blocks for the opals. (b) Removing the PS with cyclohexane, a ran-dom distribution of vacancies is performed in the whole opal. These two images are for a 50% of PS/vacancy doping. (c) Statistics of the vacancies for some samples versus the theoretical vacancies. An error of 25% is com-mitted introducing vacancies. (d) Cross section for VPhC of ρ = 25%, the vacancies are homogeneously distributed in the whole sample. The scale bar in the SEM images is 10μm. 
percolation threshold. Thinner samples yielded differ-ent behavior due to finite size effects whose analysis will be provided elsewhere. Reflectance spectra be-longing to any of these three regions can be fitted to different Fano line-shapes according to the following general formula: 
ܨ (߳) = ܣ + ܤ (ߝ+ݍ)21+ ߝ2   (1)  where a single parameter, q, governs the asymmetry. A and B are constants related to background and inten-sity, ε = (ω - ω0)/(γ/2) is the dimensionless frequency related to the position, ω0 and γ are the central fre-quency and the width of the resonance. Figure 3 shows reflectance spectra from a 20 layers thick PhC at four representative vacancy concentra-tions and their respective fits to a Fano line-shape, in order to obtain the q parameter. In this work, three re-gions are distinguished. Well below the percolation threshold (ρ << ρc) a lorentzian profile (Figure 3, ρ = 0%) is obtained. Since the gap width is rather large the fit-ting for very low ρ is not perfect. This line-shape turns into an asymmetric profile (Figure 3, ρ = 13%) as the threshold concentration is approached. The central wavelength of the band gap does not shift during this process. Around or at the percolation threshold (ρ = ρc) a weak dip at the wavelength of the band gap can be seen. In terms of optical properties, the net effect is that a band gap due to the band structure developed into a pass band where reflectance is inhibited (Figure 3, ρ = 26%). Above the percolation threshold (ρ >> ρc) an asymmetric profile is recovered that should tend to a lorentzian profile far above the threshold. Notice that 
the peak is the mirror image of that below threshold with the relative maxima and minima positions ex-changed (Figure 3, ρ = 32%). This line-shape change can be obtained simply through a change of sign in the q parameter of the Fano resonance as discussed below. The proposed singular system, in which spheres are re-moved without altering the lattice parameter, pre-serves band gap features even for a high percentage of the vacancies. Fano resonance is expected when a coupling be-tween a discrete state (narrow band) and a continuum states (broadband) exits. In this study, the band gap acts as the narrow band due to Bragg diffraction. This range of wave vectors and prohibited frequencies are sufficiently narrow in comparison with the whole fre-quencies available for the photons. The broadband can be identified as the Mie scattering background brought about as a result of the presence of the vacancies. The interference between these two scattering paths gives rise to the Fano resonance (Figure 3). In this context, in region 1 the intensity of the Bragg peak (centered round 740 nm) is reduced as the num-ber of vacancies increase. Samples belonging to this re-gion present a behavior typical of photonic crystals with defects. A lorentzian peak is measured corre-sponding to Fano line-shapes with q parameter tending to infinity. In this case, there is little or no contribution of scattering through the continuum. Therefore, the only possible transition is through the (modified) dis-crete state. This is consistent with previous works on diffusion5,30 and optical loss in photonic crystals.31,32 From 10 to 19%, the intensity of the Bragg peak keeps decreasing indicating that the Mie scattering grows stronger at the expense of Bragg scattering as a result of increased vacancies fraction. The scattering through background brings the q parameter close to unity so the interference between Bragg and Mie scattering gives rise to very asymmetric spectra (low ρ region 1 in Fig-ure 2, and fit shown in Figure3, ρ = 13%). 
 Figure 3. Reflectance spectra (red line) and the fit (black line) to the Fanoequation at the band gap for (a) 0%, (b) 10%; (c) 20% and (d) 25%. Differ-ent symmetric or asymmetric profiles are obtained depending on the per-centage of vacancies. The number of the layers in all the spectra are 20. 
Figure 2. Surface contour plot of reflectance spectra for 20 layers increas-ing the number of vacancies. On the percolation threshold (ρc = 20-25%), the band gap disappears due to the effect of the infinite scattering pro-vided by the cluster of vacancies. At ρ < ρc, the scattering of the vacancies reduces the intensity of the Bragg peak and by the coupling with Bragg scattering an asymmetric spectra are obtained. At ρ > ρc, the band gap is shifted due to the contribution of the vacancies but the band structure does not disappear.   
From 20 to 25%, the Bragg peak turns into a weak dip (intermediate ρ in Figure 2, and fit shown in Figure 3, ρ = 26%). The band gap features disappear and, as a result of thin film interference, only Fabry-Perot fringes can be seen. This is the fraction where the percolation threshold is expected for an fcc structure. It means that, in all likelihood, at least one cluster of vacancies spans the sample from edge to edge. By means of percolation, a huge enhancement of the Mie scattering is expected in the sample because this singular concentration is such that both larger or smaller concentrations simply drive the system towards a more homogeneous one. Obviously lower concentrations (ρ → 0) tend to the per-fect photonic crystal while larger concentrations (ρ → 1) simply represent an emptier and therefore also more uniform system where vacuum is sparsely decorated with the remaining scattering particles. In addition, it should be noticed that near percolation most of the magnitudes that are related to the clusters, such as their size or the size of their boundaries, diverge according to power laws: ݏ~|ߩ − ߩ௖|ିఔ with ν > 0 the critical ex-ponent.33 Thus, an infinite scattering is provided allow-ing all frequencies to propagate. The immediate conse-quence of this fact is not only the inhibition of the band structure of the sample, but also the improvement of the transport through it. In the range of concentrations above the threshold the divergence of the diffuse scattering due to percola-tion lessens and asymmetric spectra are recovered only with an inversion in the asymmetry: the dip is now to the right of the maximum (high ρ region in Figure 2, and fit shown in Figure 3, ρ = 32%). This is indicative of a change of the sign in the q parameter. In this case, for the spectra above the percolation threshold a nega-tive q value is obtained. The value of q describes the relative importance of the intervening channels and derives from the strength of the interaction with the perturbation introduced by the continuum in the perturbative approximation of the original quantum formulation. In our case, it is de-termined by the concentration of the vacancies in the opals and a value of zero points to a total dominance of non-resonant scattering as opposed to photonic band-mediated where q would tend to infinity. The behavior described previously can be seen in Figure 4 that summarizes the results concerning the q parameter obtained from the fittings to the Fano equa-tion (1) for different VPhC for all concentrations and all thicknesses studied that range from one to 35 monolay-ers. This type of representation is most appropriate since it consolidates data spread owing to normal sta-tistical dispersion and that due to thickness depend-ence. The whiskers signal the maximum and minimum values of the q parameter for each percentage; the white lines are the mean values and the green boxes mark one standard deviation from the mean values. If we assume that the q parameter is close to zero and 
changes sign in percolation and it has a positive (nega-tive) value below (above) percolation threshold we can state that percolation takes place at ρc≈ 22 ± 3%. The coupling between Bragg and Mie scattering is stronger when we add vacancies to the photonic crystal. In the percolation neighbourhood (pink shaded area in Fig-ure 4 marks the range -1< q <1), scattering by clusters of vacancies is the dominant process so the scattering through band structure of the photonic crystal becomes negligible. Beyond this region, the overwhelming con-tribution of background scattering is diminished be-cause cluster boundary size decreases causing a recov-ery of the band structure scattering. A negative q value is obtained in this region giving rise to a blue shifted peak with respect to the band gap of the initial crystal. In conclusion, in this work we have studied, by a fine control over extrinsic vacancies added, the varia-tion of optical properties for different percolation re-gimes in photonic crystals with vacancies. Introducing vacancies, the balance between the relative intensity of scattering through band gap and through Mie scatter-ing background takes place giving rise to a Fano reso-nance manifest in the optical spectra. Not only have we achieved all the different asymmetric profile character-istics of the Fano resonance, but we have also set a cor-relation between the q parameter and the percentage of vacancies. At the geometric percolation concentration of the vacancies in an opal, the q parameter is close to zero. This agrees with the diverging size of the perco-lated cluster which gives rise to an intense Mie scatter-ing background inhibiting the band gap and annihilat-ing ballistic reflectance and transmittance at the same time.  
 Figure 4. q parameter as a function of the vacancies for different number of layers comprising all the thicknesses measured: from one to over thirty monolayers. The percentage of vacancies determines the inten-sity of the interaction between the band gap and the Mie scattering background. According to this percentage, positive (ρ < ρc), negative (ρ > ρc) or close to zero (ρ = ρc, pink shaded area) q values are obtained. The whiskers represent the maximum and minimum obtained q parameter. The boxes are the standard deviation and the white lines are the mean from the values.  
1 Yablonovitch, E. & Gmitter, T. J. Photonic band structure: The face-centered-cubic case. Phys. Rev. Lett. 63, 1950–1953 (1989). 2 John, S. Strong localization of photons in certain disordered dielectric superlattices. Phys. Rev. Lett. 58, 2486–2489 (1987). 3 García, P. D., Sapienza, R. & López, C. Photonic glasses: A step beyond white paint. Adv. Mater. 22, 12–19 (2010). 4 Wiersma, D. S. Disordered photonics. Nat. Photonics 7, 188–196 (2013). 5 García, P. D., Sapienza, R., Toninelli, C., López, C. & Wiersma, D. S. Photonic crystals with controlled disorder. Phys. Rev. A - At. Mol. Opt. Phys. 84, 1–7 (2011). 6 Palacios-Lidón, E., Juárez, B. H., Castillo-Martínez, E. & López, C. Optical and morphological study of disorder in opals. J. Appl. Phys. 97, 1–7 (2005). 7 Kirkpatrick, S. Percolation and Conduction. Rev. Mod. Phys. 45, 574–588 (1973). 8 Pecharromán, C. & Moya, J. S. Experimental evidence of a giant capacitance in insulator-conductor composites at the percolation threshold. Adv. Mater. 12, 294–297 (2000). 9 Miller, J. C. Percolation in clustered networks. Networks (2009). 10 Duffie, D., Malamud, S. & Manso, G. Reprint of: Information percolation in segmented markets. J. Econ. Theory 158, 838–869 (2015). 11 Arcaute, E. et al. Regions and Cities in Britain through hierarchical percolation. (2015). 12 Sahimi, M. Flow Phenomena in Rocks - from Continuum Models to Fractals, Percolation, Cellular-Automata, and Simulated Annealing. Rev. Mod. Phys. 65, 1393–1534 (1993). 13 Burgess, I. B. et al. Tuning and Freezing Disorder in Photonic Crystals using Percolation Lithography. Sci. Rep. 6, 19542 (2016). 14 Lorenz, C. D. & Ziff, R. M. Universality of the excess number of clusters and the crossing probability function in three-dimensional percolation. J. Phys. A. Math. Gen. 31, 8147–8157 (1998). 15 Xu, X., Wang, J., Lv, J. P. & Deng, Y. Simultaneous analysis of three-dimensional percolation models. Front. Phys. 9, 113–119 (2014). 16 van der Marck, S. C. Calculation of percolation thresholds in high dimensions for fcc, bcc, and diamond lattices. Int. J. Mod. Phys. C 9, 529–540 (1998). 17 Breit, M. et al. Experimental observation of percolation-enhanced nonlinear light scattering from semicontinuous metal films. Phys. Rev. B 64, 188 (2001). 
18 Sarychev, A. K., Shubin, V. A. & Shalaev, V. M. Percolation-enhanced nonlinear scattering from metal-dielectric composites. Phys. Rev. E 59, 7239–7242 (1999). 19 Florescu, M., Torquato, S. & Steinhardt, P. J. Effects of random link removal on the photonic band gaps of honeycomb networks. Appl. Phys. Lett. 97, (2010). 20 Fano, U. Sullo spettro di assorbimento dei gas nobili presso il limite dello spettro d’arco. Nuovo Cim. 12, 154–161 (1935). 21 Fano, U. Effects of configuration interaction on intensities and phase shifts. Phys. Rev. 124, 1866–1878 (1961). 22 Miroshnichenko, A. E., Flach, S. & Kivshar, Y. S. Fano resonances in nanoscale structures. Rev. Mod. Phys. 82, 2257–2298 (2010). 23 Fan, S., Suh, W. & Joannopoulos, J. D. Temporal coupled-mode theory for the Fano resonance in optical resonators. J. Opt. Soc. Am. A. Opt. Image Sci. Vis. 20, 569–572 (2003). 24 Regan, E. C. et al. Geometrically Protected Resonance Modes and Optical Fano Resonances. 1–7 (2015). 25 Chen, W. J., Lee, J. C. W., Dong, J. W., Qiu, C. W. & Wang, H. Z. Fano resonance of three-dimensional spiral photonic crystals: Paradoxical transmission and polarization gap. Appl. Phys. Lett. 98, 3–5 (2011). 26 Poddubny, A. N., Rybin, M. V., Limonov, M. F. & Kivshar, Y. S. Fano interference governs wave transport in disordered systems. Nat. Commun. 3, 914 (2012). 27 Rybin, M. V. et al. Bragg scattering induces Fano resonance in photonic crystals. Photonics Nanostructures - Fundam. Appl. 8, 86–93 (2010). 28  García, P. D., Sapienza, R., Blanco, Á. & López, C. Photonic Glass: A Novel Random Material for Light. Adv. Mater. 19, 2597–2602 (2007). 29 Vlasov, Y., Kaliteevski, M. & Nikolaev, V. Different regimes of light localization in a disordered photonic crystal. Phys. Rev. B 60, 1555–1562 (1999). 30 García, P. D., Sapienza, R., Froufe-Pérez, L. S. & López, C. Strong dispersive effects in the light-scattering mean free path in photonic gaps. Phys. Rev. B - Condens. Matter Mater. Phys. 79, 1–4 (2009). 31 Astratov, V. et al. Interplay of order and disorder in the optical properties of opal photonic crystals. Phys. Rev. B 66, 1–13 (2002). 32 Galisteo-López, J. F. et al. Self-assembled photonic structures. Adv. Mater. 23, 30–69 (2011). 33 Gaunt, D. S. & Sykes, M. F. Series study of random percolation in three dimensions. J. Phys. A. Math. Gen. 16, 783–799 (1999). 
 References 
